The Gordon-Kim local density method is applied to the calculation of the interaction energy of pairs of neon. argon. and krypton atoms adsorbed on the basal plane of graphite. At the adatom-surface equilibrium separation. the adatom-adatom interaction potentials are found to be from 12% to 20% more repulsive than the gas phase counterparts. At much smaller adatom-surface separations. the adatom-adatom effective potential well depth is only 3% of the gas phase well depth. It is found that the nonadditive contributions to the interaction energy are more important for the smaller rare gas adatoms than for the larger ones. This trend is observed experimentally. It is concluded that rare gas films on graphite are too mobile to be in registry with the substrate.
I. INTRODUCTION
A variety of interesting questions concerning the properties of adsorbed gas atoms on the surfaces of solids depends upon the interactions between the adatoms. For example, adsorption isotherms and adsorbate structure are both strongly influenced by adatom-adatom potentials. A study of the general nature of these forces is an important problem.
One of the better studied systems in physisorption is rare gas monolayers on graphite. Rare gas adsorption on graphite has received this attention because the adatom migration barriers are very small, and these highly mobile films are a prototype for studying two-dimensional systems. Some of the more interesting phenomena observed in two dimensional systems are the possible occurrences of phase transitions. Recent experiments of helium monolayers l and xenon monolayers 2 on graphite at moderate densities and low temperatures have indicated a possible phase transition to an ordered state. There is evidence that the adatoms in this ordered state are in registry with the substrate. An understanding of such an ordered state and its degree of registry requires a knowledge of the interaction potential between the adatoms.
From experimental investigations of the so-called third-order regions of physical adsorption isotherms, it has become clear that adsorbed adatoms interact with each other more repulsively than they do in the gas phase. 3 -11 Recent analysis of the experimental data of rare gas adsorption on graphite surfaces has found that the repulsive interaction due to the surface decreases the adatom-adatom binding energies by 5%_10%.8.9 To explain this additional repulsion Sinanoglu and Pitzer calculated the nonadditive contribution to the interaction energy between two nonpolar adatoms and a surface using third-order perturbation theory. 12 Sinanoglu and Pitzer predicted that the adatom-adatom well depth would decrease by 20%-40%, which is a much larger effect than is actually observed. Additionally, the application of their theory to rare gas adsorption on graphite predicted the adatom-adatom well depth to be lowered more for large atoms than for small ones, and this trend is at variance with experiment. 8 McLachlan 13 treated the three-body, two-adatom-surface interaction by applying the method of images. Application of McLachlan's 4300
The Journal of Chemical Physics, Vol. 62, No. 11, 1 June 1975 theory to rare gas adsorption on graphite predicted well depth lowerings of the right order of magnitude, but again predicted the wrong trend with respect to ada tom size. 8 As MacRury and Linder14 have pointed out, one of the basic shortcomings of both the theories of Sinanoglu and Pitzer and of McLachlan is that they treated the surface as a continuous, structureless medium, and thus did not incorporate any local effects. To analyze the importance of the local properties of the substrate, MacRury and Linder computed the nonadditive contribubutions to the dispersion energy for rare gas adsorption on xenon crystals. By comparing their results with the continuum model of McLachlan, they found the continuum model to predict a somewhat smaller nonadditive contribution. 14 All three of these theoretical treatments are valid only when there is no significant overlap between the electronic charge distributions of the adatoms, and between the electronic charge distributions of the adatoms and the surface. Since there is large overlap for equilibrium geometries in physisorption, the nonoverlap approximation may be expected to introduce serious errors.
In a recent paper 15 (hereafter referred to as I), we applied the Gordon-Kim (GK) local denSity method 16 to the calculation of the interaction energy of single rare-gas atoms and a graphite surface. The GK method has the advantage of incorporating the effect of the local environment of the surface, and it is valid when there is Significant overlap between the electronic charge distributions. In what follows we apply the GK method to calculate the nonadditive contribution to the adatom-adatom interactions for rare gas adsorption on graphite. As we pointed out in I, the GK method does not include long-range dispersion effects correctly. Recently, Kim calculated the three-body contribution to the interaction energy for He 3 , Ne 3 , Ars, and Kr3 both with and without dispersion effects. 17 He found that from the repulsive region to the equilibrium configuration, the dispersion contribution amounted to less than 15% of the total three-body energy. Since we deal with an infinite system in the calculations which follow, the dispersion error will be worse for our case than for the three atom case studied by Kim. However there will also be a dispersion error in the total energy, and we expect the relative importance of the nonadditive energy to be well described.
In Sec. IT we develop the necessary extensions of the GK method to compute the nonadditive contributions to rare gas adsorption on graphite. In Sec. III we present our results, and our conclusions are given in Sec. IV.
II. APPLICATION OF THE GORDON-KIM METHOD TO ADATOM-ADATOM INTERACTIONS
The details of the GK method and its application to the physisorption of rare gas atoms on graphite are given in I. The notation and the electron density contributions for the adatoms and for the graphite surface used in this work are the same as in 1. As Bennett!8 and Kim!? have pointed out, the Coulombic contribution to the interaction energy is two-body additive, i. e., we can write where Vc (R. , R b ) is the Coulombic contribution to the interaction energy of the two-atom-surface system, R. and Rb are, respectively, the coordinates of adatoms a and b relative to the graphite surface, Rob is the adatom-adatom internuclear separation, Vc(R,,) is given by Eq. (7) of I, and (2) In Eq. (2), p.(r) and Pb(r) are, respectively, the charge distributions (including the nuclei) of adatoms a and b. We write the total interaction energy E(R", R,,) for the two-adatom-surface system as
where E(R.) is given by Eq. (17) of I, and E(R. b ) is the GK gas phase atom-atom interaction energy. Using Eq. (1) the nonadditive contribution AE(R a , R,,) is given by
In Eq. (4), Eg(R) is defined by Eq. (13) 
Using the fact that p.(r) is periodic over the two-dimensional graphite lattice, we have aE(Ra, R,,) = 1:: K" (R., Rt,) , 14 where
The c of Eq. (9) implies integration over one unit cell, and R,. is a lattice vector. As in the case of single adatom energies, each KI' contribution was evaluated in Cartesian coordinates using the same quadrature schemes that were used in I. The terms of Eq. (8) fall off exponentially, and its convergence is rapid. We found that by SUmming over all unit cells in Eq. (8) within 10 a. u. of the projected position of the center of Rob onto the plane of the graphite surface, we attained convergence to three significant figures.
The nonadditive contribution to the interaction energy given in Eq. (8) is a property of the full two-atom-surface system, and it is not possible to uniquely define nonadditive contributions to the adatom-adatom interaction potentials. However, it is usually assumed that the adatom-surface interaction is unperturbed by the presence of the second adatom, and the nonadditive contribution is incorporated into an effective adatom-ad-FIG. 1. A section of the graphite lattice is shown along with the two paths used in this calculation. .9 atom interaction. We define this effective interaction
In the calculations which follow we compare VeU with the gas phase atom-atom potentials to examine the changes induced by the graphite surface.
III. RESULTS
We expect physisorbed rare gas atoms on graphite to be found at their single adatom potential energy minima with respect to the adatom-surface vertical distance. In I we found very small migration barriers with respect to motion parallel to the plane of the graphite surface, and any relative orientation of the two adatoms is likely. Using Eqs. (3), (8), and (10), we computed the interaction energy of two argon atoms both at 6.6 a. u. above the graphite surface. One argon atom was kept fixed at position A of Fig. 1 , and the energy was computed as a function of the position of the other ada tom as it moved TABLE I. The interaction between two argon atoms 6.6 a. u. above the graphite surface oriented along the dashed line of Fig. 1 along the direction of the dashed line in Fig. 1 . The results are given in Table I . The total energy is plotted in Fig. 2 , and the effective adatom-adatom interaction as well as the gas phase argon-argon GK potential are plotted in Fig. 3 . In Table I and in Figs. 1 and 2 the adatom-adatom distance is measured in units of the carbon-carbon bond length of the two-dimensional graphite lattice (1. 42 A), and the energies are given in atomic units. In Table I we have also given the two-body addi- aAlI numbers expressed in a. u. except Rab which is given in units of a two-dimensional graphite carbon-carbon bond length. tive energy V 2B (Ra,R,,) defined by (11) From Figs. 1 and 2 we see that the argon-argon distance at equilibrium is the same as in the gas phase. This is a consequence of the single adatom migration barrier being much smaller than the Ar z effective potential binding energy. In Fig. 2 the dashed line is the sum of the single ada torn energies, Eo, defined by (12) It is clear that Eo is the energy in the limit of no Arz interaction, and the oscillations in Eo seen in Fig. 2 reflect the single adatom migration barriers. From Fig.  3 we see that the equilibrium configuration predicted by E(R u ) and Vett(Ra, R.J are the same to within the accuracy of the calculation. We find that the well depth is decreased by 13% owing to the nonadditive effects. This compares well with the decrease of 10. tfO reported by Everett. 8 As we have indicated, the smoothness of a graphite surface makes it necessary to consider other relative orientations of the two adatoms. In Table II we give the energy as a function of the argon-argon distance for two argon atoms at 6.6 a. u. above the surface, where one argon atom is kept at pOSition A of Fig. 1 and the other is moved along the dotted line of Fig. 1 . The values computed at argon-argon separations of 1. 2, 2.3, 2.6, and 3.0 units of a graphite carbon-carbon bond length were exactly the same separations as used in Table 1 .
By comparing the nonadditive contributions given in Tables I and II at these four points we see that they are essentially the same, and it is clear that the effective potential is nearly orientation independent at the equilibrium adatom-surface distance of 6.6 a. u. However, the differences in the total energies at these four points are significant, and these differences reflect the changes owing to the argon-argon orientation with respect to the graphite surface. Figure 4 is a plot of the total energy as a function of the argon-argon distance Fig. 1 as a function of adatom-adatom separation R, and adatom-surface distance Z near the gas phase argon-argon equilibrium separation. The adatom-adatom separation is measured in units of a graphite lattice carboncarbon bond length and the adatom-surface distance is measured in a. u.
taken from Table II . As with Fig. 2 , the potential minimum occurs at the same point as in the gas phase, but the minimum energy is about 25 cal/mole higher for the dotted path of Fig. 1 than it is for the dashed path. This very small difference is another measure of the smoothness of the surface.
It is also of interest to examine the nonadditive contributions to adatom-adatom interactions as a function of the adatom-surface distance. In Fig. 5 we plot Von (R a , R,,) for four paints near the gas phase argon-argon separation as a function of the distance between the adatoms and the surface. The orientation of the two argon atoms was taken to be along the dashed line of Fig.  1 . We note that there is little change of the equilibrium geometry except in the repulsive region very near to the graphite surface. To examine the behavior of two adatoms interacting very close to the surface in more detail, we computed a potential curve for Ara at 3. 0 a. u. above the graphite surface. Again the adatoms were oriented along the dashed line of Fig. 1 . The results are given in Table ITI. In the repulsive Ara region the nonadditive contribution is negative and it becomes positive as the two argon atoms are separated from each other. Kim found the same behavior for clusters of three rare gas atoms in the strongly repulsive regions. 17 In Fig. 6 we plot the total interaction energy and the TABLE III. The interaction between two argon atoms 3 a. u. above the graphite surface oriented along the dashed line of Fig. 1 .E sum of the Single atom energies. The migration barriers are luger than the Ar z binding energy for this case, and the minimum energy occurs when both adatoms are above the center of a hexagon of the graphite lattice. Of Course, the total energy is still net repulsive. In Fig. 7 we plot the effective argon-argon potential for this case along with the gas phase Arz GK potential. The minimum of the effective potential occurs at 8.05 a. u.) which is the same point as the minimum of the total energy. This minimum is clearly larger than the gas phase minimum. The well depth of the effective potential is only 3% of the gas phase well depth, indicating the importance of nonadditive interactions to the effective potential. However, the nonadditive energy is only a small fraction of the total energy near equilibrium.
We also examined neon-neon interactions over graphite. The neon atoms were oriented along the dashed line of Fig. 1 and kept at the equilibrium atom-surface distance of 6.0 a. u. The total energy for the neon-neon interaction is plotted in Fig. 8 , and the effective potential along with the gas phase GK potential is plotted in Fig. 9 . As was the case with argon on graphite, the equilibrium geometry gives the same neon-neon separation as found in the gas phase. The Nez interaction energy becomes small more quickly than the Ar z case, and the tail of the total energy potential curve shows oscU- lations owing to the migration barrier on the graphite lattice. For neon on graphite the well depth of the effective potential is 21% lower than the gas phase potential. This is the correct trend with respect to adatom size.
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To examine the trends more completely, we also performed calculations for krypton on graphite. The effective potential and gas phase GK potential are plotted in Fig. 10 . Again the minima of both the gas phase potential and the effective potential occur at the same krypton-krypton separation, The effective potential minimum is 12% lower than the gas phase minimum.
Following Everett 8 we can define the ratio of the decrease in the well depth of the effective potential to the gas phase potential by (13) where Rabo is the gas phase minimum energy atom-atom separation, and Raa and Rbo are the pOSitions of the adatoms at equilibrium on the surface. In Table IV we compare the values of ~ computed in this calculation with the experimental values reported by Everett. 8 The trend with respect to adatom size is correct, but the calculated values of ~ are too large. We expect that this discrepancy is mostly due to the approximate graphite density function used in this calculation. In I the graphite density function used was found to be deficient in the asymptotic tail. We expect that the errors introduced by the poor density function will have roughly the same effect on the contributions to the adatom-surface energy and the nonadditive energy. We therefore expect the importance of nonadditive effects relative to the total energy to be well described. To test this assumption, we computed the energy for Ar3 in a right isosceles triangular configuration. The minimum basis set described in I was used to generate the electron density for the argon atom at the 90° vertex. and the extended basis of I was used for the other two argon atoms. The distance between the argon atom at the 90° vertex and each of the other two argon atoms was taken to be 7 a. u. The same geometry was considered by Kim. 17 Kim found a nonadditive contribution for this case of 0.0000104 a. u. and a total energy of -O. 000788 a. u. We found a nonadditive energy of 0.00000575 a. u. and a total energy of -O. 000347 a. u. In our case the nonadditive energy was 1. 6% of the total, and in his case the nonadditive energy was 1. 3% of the total. The relative importance of nonadditive effects are roughly the same in the two calculations, and we expect that the relative importance of nonadditive contributions to the total energy to be well described in our calculations. However, the relative importance of nonadditive effects with respect to the adatom-adatom interactions will probably not be accurate, because the unperturbed atom-atom GK potentials agree well with experiment. Thus, our computed values of 6. will be somewhat in error. We do not expect important errors in 6. owing to the improper treatment of the dispersion contributions. The dispersion error should affect all terms in the energy, and it should not have a large effect on the importance of nonadditive contributions relative to the gas phase potential.
IV. CONCLUSIONS
It is clear from our results that rare gas films on graphite are highly mobile. The low migration barriers relative to adatom-adatom binding energies imply that these films are little perturbed by the details of the surface structure. Nonadditive effects modify the magnitudes of the adatom-adatom interactions, but not their relative orientations. It appears that potential energy considerations imply that the configuration of adsorbed atoms of neon, argon, and krypton will be out of register with the graphite substrate. In view of the conclUSions of Ref. 2, this point requires further study.
Our GK results are valid only in the region of significant electronic overlap. This is an improvement over previous calculations which considered the nonadditive contributions to the dispersion energy. Our success in predicting the trends with respect to adatom size indicates the importance of these overlap effects.
The nonadditive contributions seem to have a moderating effect on the interaction potentials. In the strongly repulsive region the nonadditive effects decrease the repulsion, and the attraction is decreased in the attractive region. The nonadditive terms are an important fraction of the total energy only when the sum of the two-body energies becomes small. Since the total energy itself is very small in these regions, there are no real physical implications to the apparent dominance of the nonadditive terms, i. e., nonadditive effects make only a small change in the total energy potential surface. Of course, the nonadditive terms are important parts of the effective potential, and these effects have been seen experimentally.
